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INTRODUCTION 

A thermodynamic d a t a  base i s  requi red  both  f o r  the  understand- 
i n g  and t h e  proper  des ign  of processes  u t i l i z i n g  c o a l  and c o a l  
products .  S i n c e  it is i m p r a c t i c a l  t o  a c q u i r e  t h e  necessary  d a t a  
f o r  each process  and f o r  each i n d i v i d u a l  c o a l ,  i t  i s  important  t o  
e s t a b l i s h  p r e d i c t i v e  c o r r e i a t i o n s  between t h e  phys ica i  ana chemicai 
parameters o f  t h e  m a t e r i a l s  and t h e i r  thermodynamic p r o p e r t i e s .  

Heat c a p a c i t y  d a t a  can be u s e d  to  c a l c u l a t e  t h e  v a r i a t i o n  of 
t h e  thermodynamic p r o p e r t i e s ,  H,S.G, etc. v i t h  temperature. Conven- 
t i o n a l  c o r r e l a t i o n s  of t h e  h e a t  c a p a c i t i e s  r e l y  on the  a d d i t i v i t y  
approach, namely, t h a t  t h e  t o t a l  h e a t  c a p a c i t y  of a dry  c o a l  i s  a 
m a t t e r ,  and i n o r g a n i c s  (1,2.3). The c o r r e l a t i o n  is successfu l  i n  
t h e  sense  t h a t  h e a t  load c a l c u l a t i o n s  w i t h i n  20% a r e  poss ib le .  

The method h a s  s e r i o u s  shortcomings inasmuch as it does n o t  
take  i n t o  account  t h e  thermal h i s t o r y  of t h e  chars ,  the  v a r i a b i l i t y  
of t h e  char  s t r u c t u r e  w i t h  the  rank of  t h e  p a r e n t  c o a l  and t h e  
i n t e r a c t i o n s  between t h e  o r g a n i c  and i n o r g a n i c  components of  t h e  
c o a l  and/or of t h e  char .  Fac tors  which a f f e c t  the  h e a t  c a p a c i t y  
of c o a l s  a r e :  

o The rank and inorganic  mat te r  c o n t e n t  of  t h e  coal :  
o The mois ture  conten t :  
o The aging h i s t o r y  of t h e  c o a l  sample. 

F a c t o r s  which a f f e c t  t h e  h e a t  c a p a c i t y  of c h a r s  a r e :  

o The rank and inorganic  m a t t e r  c o n t e n t  of t h e  parent  coa l :  
o The gaseous atmosphere p r e s e n t  dur ing  pyro lys i s :  
o The thermal  h i s t o r y  of t h e  char .  

Vhe h i s t o r y  of a char  i s  determined by: 

o The p y r o l y s i s  temperature;  
o The r a t e  a t  which t h e  c o a l  temperature  i s  increased  from 

o The r e s i d e n c e  t i m e  of t h e  char  a t  t h e  p y r o l y s i s  temperature .  
ambient t o  p y r o l y s i s  temperature:  
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Avai lable  d a t a  (4 ,5 ,6 ,7 ,8 ,9)  f o r  c h a r s  and c o a l s  cover  l i m i t e d  
temperature  ranges and t h e  thermal  h i s t o r i e s  and composi t ions of t h e  
char  samples a r e  o f t e n  i l l - d e f i n e d  or unavai lab le .  Thus, i t  was 
n o t  p o s s i b l e  to d e r i v e  a u n i v e r s a l  c o r r e l a t i o n  f o r  t h e  h e a t  capa- 
c i t ie ,  tak ing  t h e  l i s t e d  f a c t o r s  i n t o  account .  

I n  an a t tempt  to e s t a b l i s h  a thermodynamic d a t a  b a s e  f o r  c o a l s  
and chars  and t o  a s s e s s  the  r e l a t i v e  importance and e f f e c t  o f  t h e  
f a c t o r s  l i s t e d ,  on t h e  h e a t  capac i ty ,  e x t e n s i v e  work was under- 
taken and i s  cont inuing  a t  C i t y  Col lege  (10,11,12,13) .  f;n t h i s  
p r e s e n t a t i o n  w e  w i l l  l i m i t  o u r s e l v e s  t o  t h e  d i s c u s s i o n  of  r e s u l t s  
on chars .  

EXPERIMENTAL DETAILS 

A s u i t e  o f  samples was prepared f o r  experimental  work i n  a 
sys temat ic  manner. Three c o a l s  o f  d i f f e r e n t  rank and petrography 
w e r e  used a s  s t a r t i n g  m a t e r i a l s .  These s e l e c t e d  ' p a r e n t s '  w e r e  
a North Dakota l i g n i t e ,  an I l l i n o i s  No. 6 HVB sub-bituminous, and 
a Virg in ia  HVA sub-bituminous c o a l .  The carbon c o n t e n t  of t h e s e  
c o a l s  range from 6 3  t o  73 weight  p e r c e n t  (dry b a s i s ) .  The c o a l s  
w e r e  ground i n  a b a l l  m i l l  t o  f i n e r  than 250 mesh. Half o f  t h e  
c o a l  grounds w e r e  demineral ized us ing  t h e  a c i d  wash procedure ( 1 4 ) .  
The o t h e r  h a l f  was used without  f u r t h e r  t rea tment .  

The p y r o l y s i s  was done i n  an i n e r t  atmosphere, by sweeping 
t h e  furnace wi th  n i t r o g e n  g a s  (1-SCFM f low r a k e ) .  The samples 
w e r e  heated t o  t h e  p y r o l y s i s  temperature  with a r e l a t i v e l y  s l o w  
h e a t i n g  r a t e  o f  5oC per  minute. Both p y r o l y s i s  temperature  and 
res idence  t i m e  a t  temperature  were used a s  v a r i a b l e s  f o r  e s t a b -  
l i s h i n g  thermal h i s t o r i e s  f o r  t h e  chars .  P y r o l y s i s  temperatures  
Used w e r e  500oC, 7OOoc, 900° C and 1 1 O O o C .  
0.1, 1, 2,  and 24 hours .  The char  and c o a l  samples w e r e  charac-  
t e r i z e d  by composition, poros i ty ,  pore s i z e  d i s t r i b u t i o n  and X-ray 
d i f f r a c t i o n .  

Residence t i m e s  w e r e  

Heat c a p a c i t y  d a t a  w e r e  c o l l e c t e d  between 75K and 300K i n  a 
c r y o s t a t  which was modified i n  o r d e r  t o  use t h e  a d i a b a t i c  s h i e l d  
technique Of c a l o r i m e t r y  (15,16) . To e l i m i n a t e  t h e  c o n t r i b u t i o n s  
of adsorbed water  to t h e  s p e c i f i c  h e a t ,  t h e  experimental  samples 
w e r e  vacuum d r i e d  a t  llOoc p r i o r  to loading  i n t o  t h e  c a l o r i m e t e r .  
The ca lor imeter  was k e p t  c o n s t a n t l y  under vacuum dur ing  t h e  exper i -  
mental runs.  Each specimen was measured a t  l e a s t  t w i c e  i n  sepa- 
r a t e  experimental  runs .  The accuracy and r e p r o d u c i b i l i t y  o f  t h e  
c a l o r i m e t r i c  d a t a ,  and the v a l i d i t y  of t h e  d a t a  r e d u c t i o n  scheme 
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w e r e  checked by t h e  measurement and t h e  de te rmina t ion  of t h e  heat  
c a p a c i t y  o f  copper and g r a p h i t e  samples (17,18,19). The d a t a  
i s  judged r e l i a b l e  to  one percent  accuracy i n  t h e  temperature  
range o f  75K t o  220K. 

I n  t h e  150K t o  lOOOK range h e a t  c a p a c i t y  da ta  was c o l l e c t e d  
us ing  a D i f f e r e n t i a l  Scanning Calor imeter  (DSC). The h e a t  capa- 
c i t i es  w e r e  measured under an Argon atmosphere. The raw DSC data  
were converted i n t o  h e a t  c a p a c i t i e s  by c a l i b r a t i o n  of  t h e  i n s t r u -  
ment using a Sapphire  h e a t  c a p a c i t y  s tandard .  
DSC d3.t-a i s  es t imated  a t  2 percat. 

The accuracy o f  the 

RESULTS; EFFECT O F  INORGANIC PHASE 

The g e n e r a l i t y  o f  the a d d i t i v i t y  hypothes is  f o r  t h e  h e a t  
c a p a c i t y  o f  t h e  c h a r s  was t e s t e d  by determining t h e  h e a t  capa- 
c i t i e s  o f  c h a r s  prepared from u n t r e a t e d  c o a l s ,  i.e., inc luding  
t h e  i n o r g a n i c  m a t t e r ,  and from c o a l s  which have been deminer- 
a l i z e d .  The experimental  d a t a  a r e  shown i n  F igures  1,2, and 3. 
It  was found t h a t  f o r  t h e  chars  prepared from I l l i n o i s  and 
V i r g i n i a  c o a l s  t h e  t o t a l  h e a t  c a p a c i t y  could be expressed on a 
weight  b a s i s  a s :  

cs = ( l - W ) C o  + wc 

Where cs, co and Ca a r e  t h e  h e a t  c a p a c i t i e s  of t h e  char ,  ash f r e e  
o r g a n i c  m a t t e r  and a s h  r e s p e c t i v e l y  and w i s  the  weight. f r a c t i o n  
o f  a s h  i n  t h e  c h a r .  The temperature  dependence of  Ca i n  t h e  75K 
t o  300K range  v a r i e s  depending on t h e  o r i g i n  of  t h e  ash.  

The p r e p a r a t i o n  o f  l i g n i t e  based char  from u n t r e a t e d  c o a l  
i s  complicated by t h e  c a t a l y t i c  e f f e c t  of t h e  included i n o r -  
g a n i c  m a t t e r  on t h e  p y r o l y s i s  r e a c t i o n .  Both the  r a t e  of 
p y r o l y s i s  and the s t r u c t u r e  of  t h e  char  formed a r e  a f f e c t e d  by  
t h e  presence  of  inorganic  mat te r .  Therefore ,  i t  is  n o t  s u r -  
p r i s i n g  t h a t  the t o t a l  h e a t  c a p a c i t y  of a l i g n i t i c  char  does not  
fo l low t h e  a d d i t i v i t y  hypothesis .  

The c o n t r i b u t i o n  of t h e  ash  t o  t h e  t o t a l  h e a t  c a p a c i t y  of the  
char  i s  n o t  t r i v i a l .  On a weight  b a s i s  t h e  a s h  h e a t  c a p a c i t y  a t  
room tempera ture  is about four  t i m e s  g r e a t e r  than t h e  h e a t  capa- 
c i t y  of t h e  corresponding ash  f r e e  organic  m a t t e r  i n  t h e  char .  
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EFFECT OF PYROLYSIS TEMPERATURE AND CHAR PARENTAGE 

The dependence of t h e  h e a t  c a p a c i t i e s  on p y r o l y s i s  temperature  
and o r i g i n  was examined by de termina t ion  of t h e  h e a t  c a p a c i t i e s  o f  
c h a r s  prepared a t  s e v e r a l  p y r o l y s i s  temperatures  from deminer- 
a l i z e d  c o a l s  with one hour r e s i d e n c e  t i m e  a t  t h e  p y r o l y s i s  tempera- 
t u re s .  I n  o r d e r  t o  compare t h e  d a t a  on t h e  d i f f e r e n t  chars  q u a n t i -  
t a t i v e l y ,  t h e  measured h e a t  c a p a c i t i e s  must be c o r r e c t e d  f o r  res i -  
dua l  ash c o n t r i b u t i o n s  and need to  be converted from a p e r  u n i t  
mass t o  a per  m o l e  (ash f r e e )  atom b a s i s .  

The h e a t  c a p a c i t i e s  a t  a g iven  temperature ,  o f  c h a r s  of iden-  
t i c a l  thermal h i s t o r y ,  a r e  n o t  simply r e l a t e d  t o  t h e  r a n k - o f  t h e  
p a r e n t  coa l .  A s  seen  i n  F igure  4 t h e  l i g n i t e  c h a r s  have t h e  h i g h e s t  
h e a t  c a p a c i t i e s  and Virg in ia  chars  t h e  l o w e s t  a t  l o w  temperatures .  
However, t h i s  order  i s  reversed  a t  high temperatures .  

1 

In  Figures  5,6, and 7 t h e  dependence of  t h e  char  h e a t  capa- 
c i t i es  on p y r o l y s i s  temperature  a r e  shown. The behavior  i s  aga in  
complex. On a u n i t  mass b a s i s  t h e  h e a t  c a p a c i t i e s  f o r  a char  of  a 
given parentage shows cross-overs  w i t h  temperature .  This  phenomenon 
i s  e s p e c i a l l y  pronounced f o r  t h e  c h a r s  o r i g i n a t i n g  from t h e  h i g h e r  
ranked c o a l s .  

EFFECT OF RESIDENCE TIME AT PYROLYSIS TEMPERATURE 

Demineralized Virg in ia  c h a r s  prepared a t  l l O O ° C  were used to  
i n v e s t i g a t e  t h e  e f f e c t  of  res idence  t i m e  on t h e  h e a t  c a p a c i t i e s .  
The v o l a t i l e  m a t t e r  was e f f e c t i v e l y  removed from t h e  c o a l  by t h e  
time t h e  p y r o l y s i s  r e a c t o r  reached t h e  p y r o l y s i s  temperature .  Thus, 
t h e  only  f u r t h e r  changes t h a t  occur  a s  a f u n c t i o n  of  t i m e  a r e  dehy- 
drogenat ion and g r a p h i t i z a t i o n  ( s t r u c t u r a l  o r d e r i n g )  o f  t h e  char .  
The h e a t  c a p a c i t i e s  of  t h e  c h a r s  decrease  w i t h  i n c r e a s i n g  r e s i d e n c e  
t i m e  up t o  1 hour, then i n c r e a s e  f o r  a 24-hour c h a r .  We show t h i s  
behavior  a s  h e a t  c a p a c i t y  isotherms i n  F igure  8. This  is i n t e r -  
p re ted  a s  i n d i c a t i n g  t h a t  e q u i l i b r a t i o n  t o  a f i n a l  H/C r a t i o  a t  
t h e  p y r o l y s i s  temperature  is  a f a s t  p rocess  r e l a t i v e  t o  t h e  order-  
i n g  of t h e  char  which m u s t  t a k e  p lace  by s o l i d  phase d i f f u s i o n .  

I 

CORRELATION O F  THE CHAR HEAT CAPACITY WITH PHYSICAL PARAMETERS 

The primary i n t e r e s t  i n  t h i s  r e s e a r c h  was to  f i n d  a c o r r e l a -  
t i o n  between t h e  h e a t  c a p a c i t i e s  and p h y s i c a l  parameters  t h a t  
c h a r a c t e r i z e  t h e  chars .  The parameters should inc lude ,  a t  l e a s t ,  
t h e  char  composition and t h e  thermal  h i s t o r y  of  t h e  chars .  
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The h e a t  c a p a c i t y  o f  a s o l i d  i s  reasonably wel l -descr ibed by 
t h e  Debye theory.  One can i n v e r t  t h e  h e a t  c a p a c i t y  Cv us ing  t h e  
well-known r e l a t i o n :  

To o b t a i n  t h e  e f f e c t i v e  Debye temperature  e a s  a f u n c t i o n  of  
temperature  T, t h e  measured s p e c i f i c  h e a t  ob ta ined  a t  cons tan t -  
p r e s s u r e  c o n d i t i o n s  can be used i n s t e a d  of t h e  constant-volume 
s p e c i f i c  h e a t  Cv, c a l l e d  f o r  by t h e  theory ,  s i n c e  f o r  a s o l i d  
t h e  d i f f e r e n c e  between Cp and Cv i s  w i t h i n  experimental  e r r o r  
a t  l e a s t  below 300K. Values o f  t h e  i n t e g r a l  i n  Equat ion 2 can 
be found i n  s t a n d a r d  t a b l e s  ( 2 0 ) .  W e  w e r e  a b l e  to c o r r e l a t e  e ( T )  
for  t h e  c h a r s  w i t h  parentage,  composition and p y r o l y s i s  tempera- 
t u r e  T~ ( i n  O K ) .  

T o  apply  t h e  Debye model t o  a char ,  t h e  o r d i n a r y  theory  m u s t  
b e  modified ( 2 1 ) .  Consider t h a t  t h e  carbon and " o t h e r  k inds"  of  
atoms o f  t h e  c h a r  a r e  d i s t r i b u t e d  randomly i n  t h e  s o l i d  mat r ix .  
S i n c e  t h e  c h a r s  c o n s i s t  o f  about  90% ( o r  more) carbon atoms, 
o n l y  carbon-carbon and carbon-"other"  atom i n t e r a c t i o f i s  need be 
cons idered  f o r  c a l c u l a t i o n  of  t h e  char  v i b r a t i o n a l  f requency 
spectrum. I f  t h e  c h a r  c o n s i s t e d  o f  carbon atoms only ,  t h e  spec- 
t r u m  would depend s o l e l y  on t h e  arrangement of  t h e  carbon atoms 
i n  the  matr ix .  The o r d e r l i n e s s  o f  t h i s  arrangement depends on 
t h e  p y r o l y s i s  temperature  ( and r e s i d e n c e  t ime) .  This sugges ts  
use  of t h e  p y r o l y s i s  temperature  TP! a s  a nondimensional iz ing 
parameter  to  c a l c u l a t e  e a s  a dunct ion  of a reduced temperature  
Tr=T/Tp. This  a l lows  u s  t o  compare t h e  e f f e c t i v e  Debye tempera- 
t u r e s  f o r  c h a r s  o f  t h e  same parentage  b u t  d i f f e r e n t  thermal  his-  
tories.  

T h e  carbon-other  atom i n t e r a c t i o n s  w i l l  modify t h e  v i b r a -  
t i o n a l  spectrum by t h e  a d d i t i o n  o f  s i n g u l a r  v i b r a t i o n a l  modes 
which w i l l  add o n t o  t h e  spectrum i n  t h e  form of E i n s t e i n - l i k e  
terms. These terms should,  to  t h e  lowes t  o r d e r ,  be  p r o p o r t i o n a l  
t o  t h e  product  of t h e  carbon atom abundance and t h e  " o t h e r "  atom 
abundance. 

The c o r r e l a t i o n  which was found (12 )  t o  f i t  t h e  suggested 
model, us ing  d a t a  from 75K t o  300K, i s  g iven  by: 
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I 

where 1-x = t h e  atomic f r a c t i o n  of  carbon i n  t h e  ash- f ree  c h a r ,  

f o r  a char  c o n s i s t i n g  of carbon atoms alone:  

t o  t h e  "o ther"  atoms; 
B o  and I w e r e  found by t r i a l  and error f i t t i n g  of  Equation 3 
t o  t h e  experimental  d a t a .  

e o ( T r )  = a Debye temperature  a t  a given value of  Tr 

I ( T r )  = an i n t e r a c t i o n  parameter connect ing t h e  carbon 

A t  t h e  p r e s e n t  t i m e  w e  a r e  cont inuing  t h e  i n t e r p r e t i v e  work 
t o  r e f i n e  t h e  c o r r e l a t i o n  equat ion  and t o  inc lude  i n t o  i t  t h e  
res idence  t i m e  dependence of  t h e  h e a t  c a p a c i t i e s .  

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

9. 

10. 

11. 

1 2 .  

N.Y. Kirov, B r .  c o a l  U t i l .  R e s .  ~ s s o c .  Mon. B u l l . ,  3, 33 
(1965). 

W. Eiserman, P. Johnson and W.L. Conger, Fuel  Process ing  
Technology, 2, 39 (1980) .  

D. Merrick, Fuel  62, 540 (1983). 

E. Melchoir and H. Luther ,  Fuel  61, 1071 (1983). 

R.P. Tye, A.O. D e s j a r l a i s  and J.M. Singer ,  High Temperature - 
High Pressures ,  13, 57 (1981). 

V . I .  Kasatochkin, K. Usenbaev, V.M. Zhadanov, K. Sabyra l iev ,  
M. Rasalbaev, and K. Zhumalieva, Dokl. Akad., Nauk, S.S.S.R., 
216, 93 (1974). 

I n t e r n a l  Report of t h e  Thermodynamics Research Group, 
B a r t l e S V i l k  Energy Research Center ,  DOE, "Thermal Data 
on G a s i f i e r  Streams from Synthane T e s t :  (1973). 

P. Delhaes and Y. Hishiyama, Carbon, E, 31 (1970). 

K. Kamiya, S. Mrozowski and A.S. Vagh, Carbon, lo. 267 (1972) 

W.Y. Wang, Ph.D. Thesis  submitted t o  t h e  Graduate Facul ty  
of Engineer ing,  The C i t y  Univers i ty  of  New York (Sept. 1981) .  

L.L. I s a a c s  and W.Y. Wang, "The S p e c i f i c  Heats o f  C o a l s  and 
Chars" i n  t h e  Proceedings of The Governor 's  Conference on 
Expanding t h e  U s e  of  Coal i n  New York S t a t e  (M.H. Tress ,  
J.C. Dawson, eds . )  pp. 379-384 (May 1981) .  

L.L. I s a a c s  and W.Y. Wang, "Evaluat ion and C o r r e l a t i o n  o f  
coa l  Char Thermodynamic Funct ions"  i n  Chemical Engineering 
Thermodynamics, (S.A. Newman, Ed., Ann Arbor Science)  pp. 
451-459 (1982) .  

- 

239 



1 .  

REFERENCES (COnt. ) 

13.  

14.  

15. 

16. 

17.  

18. 

19. 

20. 

21 .  

L.L. I s a a c s  and E. F i s h e r ,  P r e p r i n t  o f  Paper, A.C.S., Div. 
of Fuel  Chem.  28, #2, pg. 240 (1983). 

w. Radmacher and P. Mohrhauer, Brennst. Chemie, 236 (1955);  
M. Bishop and D.L. Ward, Fuel ,  37, 191 (1968). 

L.L. I s a a c s  and R.L. Panosh, Argonne Nat iona l  L a b o r a t o r i e s '  
Communication A r t i c l e  ANL-MSO127O (1970) . 
L.L. I s a a c s ,  Symposium, Cryogenic Experimental Apparatus, 
AIChE 7 1 s t  Annual Meeting )1978) .  

U . S .  GPO, Washington, DC (1968). 

W. Desorb0 and W.W. Tyler ,  J. Chem. Phys. 2 1 ,  1660 (1953) .  

L.L. I s a a c s  and W.Y. Wang, "Thermal P r o p e r t i e s  of POCO-AMX 
Graphi te" ,  Thermal Conduct ivi ty  17 ( J . G .  H u s t ,  Ed., Plenum 
Publ i sh ing  Corp.) pg. 55 (1983). 

K.S. P i t z e r ,  Quantum Chemistry ( I r e n t i c e  H a l l )  p. 502 (1959). 

Review A r t i c l e s  : 
( a )  I .M. L i f s h i t z ,  Nuovo Cimento, Suppl . ,  E, 716 (1956). 
(b) A.A. Maradudin, P. Mazur, E.W. Montrol l  and G.H. W e i s s ,  

(c) A.A. Maradudin, E.W. Montrol l ,  G.H. Weiss, Theory of  

F.orakawa, .w..G. -1--1-- 311a.ua and ivi .L .  R e i i i y ,  HSiiOS-NBS-iB, 

Revs. Mod. Phys., 30, 175  (1968). 

L a t t i c e  Dynamics i n  t h e  Harmonic Approximation, i n  "Solid 
S t a t  P h y s i c s , "  Suppl. 3 ,  Academic Press ,  New York, 1963. 

( d )  W. Ludwig, "Ergebnisse  d e r  exakten Naturwissenschaften,"  
Volume 35, Spr inger ,  Ber l in ,  1964. 

(e) A.A. Maradudin, i n  "Phonons and Phonon I n t e r a c t i o n s ,  " 
e d i t e d  by T.A. Bak, W.A. Benjamin, New York, 1964, p. 424. 

( f )  A.A. Maradudin, T h e o r e t i c a l  and Experimental Aspects  of 
t h e  E f f e c t s  o f  P o i n t  Defec ts  and Disorder  on t h e  Vibra- 
t i o n s  of  C r y s t a l s ,  i n  "Sol id  S t a t e  Physics ."  volume 18,  
Academic Press ,  New York, 1966, p. 274. 

"Atomic and E l e c t r o n i c  S t r u c t u r e  o f  Meta ls , "  (J.J. G i l -  
man and W.A. T i l l e r ,  eds . ,  A m e r .  SOC. f o r  Metals)  pg. 
207 (1967) .  

( 9 )  G. L e i b f r i e d ,  L a t t i c e  Dynamics o f  Point  Defec ts  i n  

240 



8. 

a u 

/ 

Temperature ( K x l O - ’ )  

Figure 1. Illinois Char 

2 4 6 8 1 0  

Temperature ( K X l O - 2 )  

Figure 3. North Dakota Char 

2 4 6 8 1 0  

Temperature (-IO-*) 

Figure 2. Virginia Chars 
o Demineralized 
A Untreated 

Temperature (KXlo-2) 

Figure 4. Demineralized Chars 
(1) N. Dakota 
( 2 )  Virginia 700’~ 
( 3 )  Illinois 1 Hour 

241 



- 
A I 

4. I 

3 
a 

U 

TemPerJtYr'E ( K X I O - z )  

Figure  5. N. Dakota Chars 

- 
3 

X 
3 .  

5 
a 

U 

Temperature (Kx10-2) 

Figure  7. V i r g i n i a  Chars 

2 4 6 8 1  

i 9. 

Temperature ,KX10-2, 

Figure  6 .  I l l i n o i s  Chars 
(1) 5OO0C ( 3 )  9OO0C 
( 2 )  7OO0C ( 4 )  l l O O ° C  

. 700K 

I -300K 1 

Residence Time IHrS .  I 

F igu re  8. V i rg in i a  Chars 
I 

242 



I 

I 

REMOVAL OF SYNTHETIC CRUDE NITROGENOUS COMPOUNDS 

USING WASTE MINERALS 

BY 

G. JEAN, M. POIRIER, and H. SAWATZKY 

ENERGY RESEARCH LABORATORIES 

CANMET, OTTAWA, CANADA, K I A  OGI 

INTRODUCTION 

Ni t roqenous compounds i n  crude o i l s  and petroleum products have been ’ 
~ e a r l y  stages o f  upgrading. With convent ional  technology t h i s  i s  done by severe 
/ h y d r o t r e a t i n g  which has severa l  disadvantages: h igh  c a p i t a l  cost  investment, 

associated with severa l  problems i n  processing opera t ions  and must be removed i n  t h e  

degradat ion o f  valuable mater ia l ,  and h igh  opera t ing  cost due t o  energy and hydrogen 
consumption. A method a l l ow ing  the  separa t ion  o f  ni t rogenous compounds from 
feedstocks would g rea t l y  reduce the  cos ts  o f  upgrading. 

Several  a n a l y t i c a l  procedures are known fo r  t h e  separa t ion  o f  n i t rogenous 
compounds (1-7). These methods, however, are no t  f eas ib le  fo r  l a rge  sca le  opera t ion .  

I n  t h i s  study waste minera ls  have been tes ted  as low cost adsorbents. Since 
su lph ide  minerals are known as good adsorbents a se r ies  o f  sulphides was tes ted  (5).  
We a l so  tes ted  brominated i l m e n i t e  i n  an attempt t o  take  advantage o f  t h e  complexing 

I p r o p e r t i e s  o f  t i t a n i u m  and i r o n  (6,7). 

EXPERIMENTAL 

SULPHIDE MINERALS 

The adsorp t ion  s tud ies  were conducted by l i q u i d  chromatographic methods. 
, The feed was a s o l u t i o n  o f  four or f i v e  ni t rogenous model compounds d isso lved i n  50:50 

heptane/toluene. Each compound c o n t r i b u t e d  25 ppm N t o  the  so lu t i on .  The sdsorbents 
were n a t u r a l  waste minerals:  p y r r h o t i t e  (FeS), p y r i t e  (FeS2), spha le r i t e  (ZnS), and 
c h a l c o p y r i t e  (FeCuSp ). 

The adsorbent (200 mesh) was dry-packed in, a s t a i n l e s s  s t e e l  column (60 cm 
long  x 0.4 cm I.D.). 

The s o l u t i o n  of the  n i t rogen  compounds was pumped i n t o  the  column a t  1 
mL/min. Samples o f  2 mL were c o l l e c t e d  and analyzed by gas chromatography us ing  a 
Var ian 6000 gas chromatograph and a Dexsi l -300 packed column. 

The area of the chromatographic peaks was used t o  ca l cu la te  t h e  percentage 
o f  each component present i n  the  e f f l u e n t s .  The c a l c u l a t i o n s  were made as fo l l ows :  

% Species i area o f  peak i i n  sample x 100 
area o f  peak i i n  feed 

% To ta l  n i t rogen  = z area o f  peak i i n  sample x 100 
Z area o t  peak i i n  teed 
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Brominated I l m e n i t e  

The i l m e n i t e  o re  was taken from within 0.8 km o f  a po in t  s i t u a t e d  about 2.4 
k m  southwest o f  St-Urbain and about 11.2 km n o r t h  o f  the v i l l a g e  o f  Baie St-Paul, 
QuBbec, on the n o r t h  shore o f  t he  St-Lawrence River.  
and 19% FepO3. 

I n  a 100-mL round bottom f l a s h  equipped with a r e f l u x  condenser, and conta in ing  15-9 
o f  crushed i l m e n i t e  an excess o f  bromine (about 10 mL) was added. The mix tu re  was 
heated t o  58OC f o r  2 h, cooled, washed w i t h  50-mL pentane t o  remove excess bromine. 
The t rea ted  i l m e n i t e  was f i l t e r e d  o f f  and then washed again w i t h  pentane u n t i l  t he  
workings became c o l o u r l e s s .  
n i t rogen,  and used as adsorbent. 

It contained 39% TiOp, 28% FeO 
The ore was crushed t o  about 200 mesh and t r e a t e d  as fo l lows:  

The t rea ted  i l m e n i t e  was then d r i e d  w i t h  a stream o f  

MODEL COMPOUND STUDY 

A standard s o l u t i o n  of  18 ni t rogenous compounds i n  to luene was prepared. 
I t s  compositon i s  g iven i n  Table 1. 
mL/min i n t o  a 30 cm lonq x 0.4 cm 1.0. column, packed w i t h  20 g o f  t rea ted  i lmen i te .  r 
Samples o f  5-mL were c o l l e c t e d  and analyzed by gas chromatography us inq  a 12.5 m long 
SE-SO c a p i l l a r y  column. 

This s o l u t i o n  was pumped cont inuous ly  at  0.5 

RESULTS 

The f a t e  o f  t h e  var ious  ni t rogenous compounds was monitored by ana lyz ing  the 
e f f l u e n t  by gas chromatography. A comparison o f  the  r e s u l t s  c l e a r l y  shows t h a t  
c e r t a i n  ni t rogenous compounds have a grea ter  a f f i n i t y  for  t he  sur face  o f  t h e  
sulphides. F i g u r e  1 shows t h e  percentage o f  each species present i n  the  e f f l u e n t  vs. 
t he  volume pumped i n t o  the  column. These r e s u l t s  show t h a t  t h ree  o f  the  four 
compounds broke through the  column a f t e r  5-mL compound was pumped. 
however, was the  on ly  compound s e l e c t i v e l y  removed. Thus the  sur face  can 
d i f f e ren t i a t .e  between the  var ious  ni t rogenous compounds. 
was observed for the o ther  su lph ide  minerals.  

Tr ibuty lamine, 

The same type o f  behaviour 

Ti tanium i s  known t o  form complexes with var ious  ni t rogenous compounds 
(6,7). 
surface. Treated i l m e n i t e  was found t o  be a much b e t t e r  sorbent than un t rea ted  
i lmen i te .  
c o n t a i n i n g  18 model compounds was used. F igure  2 descr ibes the fa te  o f  these 18 
compounds d u r i n g  the run. 

I l m e n i t e  was t rea ted  w i t h  bromide i n  order t o  form T i e r x  and FeEr, on the  

To b e t t e r  charac ter ize  the  so rp t i on  p r o p e r t i e s  o f  t rea ted  i l m e n i t e  a feed 

Compounds such as benzylamine and 2,2l - d i p y r i d y l  are e x t e n s i v e l y  adsorbed 
and are s t i l l  completely r e t a i n e d  by the  i l m e n i t e  a f t e r  150 mL has been pumped i n t o  
t h e  column. 
a f te r  15 mL. The m o u n t  o f  benzylamine adsorbed i s  a t  l e a s t  20 t imes t h a t  o f  
carbazole.  Table 1 g i ves  the  order o f  e l u t i o n  o f  the  18 compounds. I t i s  i n t e r e s t i n g  
t o  note t h a t  t h e r e  seems t o  be a general  c o r r e l a t i o n  between the  extent o f  adsorpt ion 
and the  b a s i c i t y  o f  the  compound. 

Other compounds such as carbazole a re  ha rd l y  adsorbed and e l u t i o n  occurs 

I 

Another important fea ture  observed i n  F ig .  2 i s  t h a t  some compounds a re  
i r r e v e r s i b l y  adsorbed wh i l e  o thers  are reve rs ib l y  adsorbed. Compounds such as indo le  
a re  i r r e v e r s i b l y  adsorbed: i n  other words these compounds sa tura ted  the  s i t e s  t h a t  
were a v a i l a b l e  t o  them and were not subsequently displaced. Conversely, compounds 
such as a n i l i n e  are  r e v e r s i b l y  adsorbed. The i r  behaviour i s  t y p i c a l  o f  displacement 
chromatography where a compound i s  desorbed by another thus g i v i n q  r i s e  t o  a concen- 
t r a t e d  f ron t  t h a t  eventua l l y  e lu tes  i n  the  e f f l u e n t .  f i g u r e  2 shows t h a t  these com- 
pounds e l u t e  i n  t h e  e f f l u e n t  at  a concent ra t ion  o f  about th ree  t imes t h a t  o f  the  
o r i g i n a l  feed. A rough mass balance ind i ca tes  t h a t  these compounds are q u a n t i t a t i v e l y  
desorbed and p r a c t i c a l l y  none i s  l e f t  on the  column a f t e r  t he  concentrated f ron t  has 
e lu ted .  
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The main conclusion i n  t h i s  study i s  t h a t  sulphide minera ls  have a very low 
adsorp t ion  capac i ty  f o r  n i t rogenous compounds. These adsorbents, however, were found 
t o  be se lec t i ve .  For example, p y r r h o t i t e  adsorbs about 20 t imes more t r i b u t y l a m i n e  
than carbazole or t r ime thy lpy r ro le .  The more bas ic  compounds are usua l l y  more 
q u a n t i t a t i v e l y  adsorbed which suggests t h a t  these compounds are adsorbed on the  Lewis 
and/or Bronsted ac id  s i t e s .  Therefore, i n c r e a s i n g  the surface a c i d i t y  should 
increase the  amount o f  n i t rogenous compounds adsorbed. 

I lmen i te  was t rea ted  w i t h  bromide t o  form TiBr, and FeBrx on the  
surface. These s a l t s  are known as s t rong Lewis acids.  The capac i ty  o f  t he  t r e a t e d  
i l m e n i t e  i s  much h igher  than t h a t  o f  the  n a t u r a l  mater ia l .  

The model compound study gives some i n s i g h t  i n t o  the  adsorp t ion  mechanism. 
Indeed, t h e  adsorp t ive  p r o p e r t i e s  o f  the  18 compounds d i f f e r  depending on t h e i r  
nature.  
adsorp t ion  behaviour as fo l lows:  

The compounds can be subdiv ided i n t o  four  c lasses according t o  t h e i r  

1 - 
carbazole 

I1  - 
a n i l i n e  

I V  - I11 - 
1,2,5- t r imethy lpyr ro le  dibenzylamine 

te t rahydrocarbazo le  2-phenylpyr id ine n-octylamine l -phenethy l -  

i n d o l e  3,b-benzacridine n-decylamine 2 , 2 ' - d i p y r i d y l  

3-methyl indole qu ino l i ne  2-aminochrysene benzy lamine 

phenothiazine 2-methylacr id ine 

I n  c lass  1 a l l  compounds are p y r r o l i c  with a c t i v e  protons on the  n i t r o g e n  and a r e  
weakly ac id i c .  Carbazole i s  hard ly  re ta ined  and the  r e s t  only s l i g h t l y .  Due t o  t h e  
absence o f  a concentrated e l u t i o n  f ron t  i t  appears t h a t  the  adsorpt ion i s  
i r r e v e r s i b l e .  I n  cont ras t ,  c lass  I 1  compounds, being weakly basic,  are more 
q u a n t i t a t i v e l y  re ta ined  bu t  are also d isp laced and e l u t e  as a concentrated f ron t .  
Their  behaviour i s  t y p i c a l  o f  displacement chromatography. Classes 111 and I V  a re  
d e f i n i t e l y  more bas ic  and more q u a n t i t a t i v e l y  adsorbed. 
has broken through. 

p i p e r i d i n e  

I n  c lass  I V  only benzylamine 

Since classes I and 111, w i th  the  except ion o f  the  t r ime thy lpy r ro le ,  c o n t a i n  
an a c t i v e  hydrogen, a poss ib le  exp lanat ion  o f  these r e s u l t s  i s  g iven  below. 

I t  i s  w e l l  known t h a t  t i t a n i u m  ha l i des  w i l l  r eac t  w i th  pr imary and secondary 
amines t o  form a complex ( 6 ) .  
d isp lace  ha l i des  t o  g ive  complexes XZTi(NHR)z or XBTi(NRz). S imi la r  reac t ions  are 
probably occur r ing  at  the  surface o f  the  t rea ted  i l m e n i t e  for t i t a n i u m  and i r o n  s a l t s .  

Ni t rogenous compounds with an a c t i v e  hydrogen can 

MXx + n(NHzR) + XX-,M(NHR), + nHBR Eq. 1 

or 

Eq. 2 

where M = T i  or Fe 
X = h a l i d e  
n 5 1 or  2 depending on the  na ture  o f  the  amine 
R = a l k y l  group 
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I n  t h i s  case adsorpt ion i s  r e a l l y  a sur face complexation. 
the term adsorpt ion i s  used. 

For purposes o f  t h i s  paper 

Contrary  t o  c lass  I ,  c lass  I1 compounds were r e v e r s i b l y  adsorbed. These 
compounds w i t h  t h e  exception o f  a n i l i n e ,  do not have an a c t i v e  hydrogen on the 
n i t rogen  atom. 
the  donation o f  t he  e lec t ron  p a i r  o f  the n i t r o g e n  t o  t h e  Lewis centers. 
phys i ca l  forces, i n t e r a c t i o n s  of the p i  e lec t rons  w i t h  the sur face,  and hydrogen bond 
format ion are neglected) .  The reac t i on  can be i l l u s t r a t e d  as fo l lows:  

This imp l i es  t h a t  the on ly  mechanism o f  adsorpt ion would be through 
(Here, 

XxM + :NR3 + XxM:NR3 Eq. 3 

D e l o c a l i z a t i o n  o f  the lone p a i r  o f  e lec t rons  over the r i n g  decreases i t s  a v a i l a b i l i t y  
f o r  bonding. S ince c l a s s  I1  compounds are aromatics i t  i s  expected that. they w i l l  
form o n l y  weak bonds with the surface. This reac t i on  i s  found t o  be r e v e r s i b l e .  The 
more b a s i c  compounds o f  classes 111 and I V  probably d isp lace compounds o f  c lass  I 1  
accordins t o  the reac t i on :  

XxM:NR3 + nNH2R + X,-,M(NHR),+ :NR3 + nHBr Eq.  4 , 

Class I V  compounds have the h ighest  a f f i n i t y  for  t he  surface. These 
compounds are bas i c  and w i l l  r eac t  w i t h  a qreat p o r t i o n  o f  t he  s i t e s .  
i s  p a r t i c u l a r l y  i n t e r e s t i n g .  I t  does not. have an a c t i v e  hydrogen on the  n i t r o g e n  
atom, bu t  i s  known t o  be a s t rong l i g a n d  (8). I t  g ives s t ronger  complexes than 
l igands such as primary and secondary amines. It w i l l  r eac t  w i t h  the sur face i n  a way 
s i m i l a r  t o  that. descr ibed by Eq. 3.  

2,Z1 d i p y r i d y l  

The d i f f e r e n c e  in  adsorpt ion capaci ty  between the va r ious  c lasses can be 
expla ined i n  terms o f  t h e i r  r e l a t i v e  b a s i c i t y .  The sur face i s  made o f  s i t e s  o f  
var ious a c t i v i t y .  The s i t e  d i s t r i b u t . i o n  i s  expected t o  resemble a Boltzmann 
d i s t r i b u t i o n  where the h i g h l y  a c t i v e  s i t e s  represent on l y  a smal l  f r a c t i o n  o f  t h e  
s i t es .  The ex ten t  o f  adsorpt ion o f  the n i t rogenous compounds wit-h the sur face Lewis 
acids w i l l  depend on the a v a i l a b i l i t y  o f  the lone p a i r  o f  e lec t rons  on the  n i t r o g e n  
atom. Compounds o f  c lass  I are not bas i c  and w i l l  r e a c t  only w i t h  the h i g h l y  a c t i v e  
s i t es .  These represent  only a smal l  percentage o f  the s i t e s  which expla ins the low 
l e v e l  o f  adsorpt ion o f  c lass  I compounds. Compounds o f  classes111 and I V  are much 
more b a s i c  and w i l l  r eac t  w i th  a much broader range o f  s i t e s  than those o f  c lass  I and 
have a h igher  l e v e l  o f  adsorption. S t e r i c  hindrance could a l so  poss ib l y  p lay a ro le .  

CONCLUSIONS 

This study suggests t h a t  the adsorpt ion o f  n i t rogenous compounds on su lph ide 
minera ls  and i l m i n i t e  proceeds v i a  an acid-base i n t e r a c t i o n .  These adsorbents would 
successfu l ly  remove b a s i c  nitrogenous compounds, but  no t  the a c i d i c  n i t rogenous 
compounds. Th is  imp l i es  tha t  the e f f e c t i v e  capaci ty  of the adsorbent. w i l l  vary w i t h  
the feed composit ion. 
r o u t i n e  use w i t h  feeds o f  changing composit ion such as petroleum feedstocks. 

This  unce r ta in t y  would i n h i b i t  t h e  use o f  such an adsorbent f o r  

Therefore, t he  waste minerals i nves t i ga ted  are not f eas ib le  adsorbentsfor 
However, t h i s  study suggests a new approach t o  desiqn an e f f e c t i v e  i n d u s t r i a l  use. 

adsorbent . 
i n t e r a c t i o n  which would a l l ow  bo th  ac id  and bas i c  n i t rogenous compounds t o  be 
separated i n d i s c r i m i n a n t l y .  
w i l l  be pubished soon. 

The i d e a l  adsorbent. would separat.e these compounds by a non-acid/base 

Such sn adsorbent has been i d e n t i f i e d  and the r e s u l t s  
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TABLE 1 

ORDER OF BREAKTHROUGH FOR MODEL COMPOUNDS 

Curve No. I n i t i a l  Volume a t  which 
on Concentrat ion 10% i s  reached 

F iq.  2 Compound PPm (mL) PKa* 
1 Carbazole 25.24 1 
2 3-methyl indole 26.74 20 
3 Phenothiazine 29.60 25 
4 Indo le  29.37 31 
5 le t rahydrocarbazole 27.70 30 
6 A n i l i n e  30.12 45 4.63 
7 2-phenylpyridine 24.26 45 
8 2-aminochrysene 13.90 45 
9 1,2,5-Trimethylpyrole 28.20 48 

10 3,4-benzacridine 7.85 51 
11 n-octylamine 32.62 55 10.65 
12 n-decylamine 27.08 60 10.63 
13 Qu ino l i ne  32.02 65 4.90 
14 2-methylacridine 18.40 100 
15 Benzylamine 39.79 100 9.33 

1-phenethy lp iper id ine 22.88 
2 ,2 ' -d ipy r idy l  55.58 
Oibenzylamine 26.48 

+CRC - Handbook o f  Chemistry and Physics, R.C. Weast Ed., CRC press 1976, 
57th e d i t i o n .  
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Fig. 1 - Adsorption of nitrogenous compounds on pyrrhotite 
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Fig. 2 - Breakthrough curves of individual compounds 1) carbazole; 
2) 3-methylindole; 3) penothiazine; 4 )  indole; 5) tetrahydro- 
carbazole; 6) aniline; 7) 2-phenylpyridine; 8) 2-aminochrysene; 
9) 1,2,5-trimethylpyrrole; 10) 3,4-benzacridine; 11) n-ocylamine; 
12) n-decylamine; 13) quinoline; 14) 2-methylacridine; 15) benzyla- 
mine; not broken through: dibenzylamine; 1 phenethylpiperidine; 
2,2’ dipyridyl. 
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FT-IR DETEBWINbTION OF COAL AND SOOT PARTICLH TEUPEUTURES MIBZBG PYROLYSIS 

P h i l i p  E. Bes t t ,  Robert M. Carangelo, and Pe ter  R. Solomon, Advanced Fuel 
Research, Inc., 8 7  Church S t r e e t ,  East Hartford,  CT 06108. 

INTRODUCTION 

The l i t e r a t u r e  c u r r e n t l y  r e p o r t s  up t o  four  orders  of magnitude v a r i a t i o n  i n  t h e  r a t e  
f o r  coal  pyro lys i s  a t  high temperature. 
references t o  t h e  l i t e r a t u r e  i s  presented i n  (1,Z). The wide v a r i a t i o n s  appear t o  be  
caused by the  i n a b i l i t y  t o  separa te  heat  t r a n s f e r  from chemical k ine t ics .  

o r  combusting system. 
developed f o r  t h i s  purpose. A system which al lows the  measurement of s i n g l e  p a r t i c l e  
temperatures s imultaneously with p a r t i c l e  s i z e  and v e l o c i t y  was r e c e n t l y  descr ibed by 

important when t h e r e  a r e  temperature  d i f fe rences  among p a r t i c l e s .  However, these  
systems have some disadvantages which l i m i t  t h e i r  appl icat ion.  
wavelengths i n  t h e  v i s i b l e ,  which misses most of the  emi t ted  radiat ion.  It is 
d i f f i c u l t  t o  measure low temperatures  (Tichenor e t  a l .  (3) e s t i m a t e  a 900 K l i m i t  f o r  
10 micron p a r t i c l e s )  and to  d i s t i n g u i s h  p a r t i c l e  temperatures  i n  t h e  presence of soot 
o r  high temperature  regions which can r e f l e c t  r a d i a t i o n  from the  par t ic le .  Also, 
p a r t i c l e  d e n s i t i e s  must be low, and  i t  may sometimes be d i f f i c u l t  t o  g e t  a complete 
p i c t u r e  of a reac t ing  system because low temperature  p a r t i c l e s  w i l l  be overlooked. 

The appl ica t ion  of FT-IR emission and t ransmission spectroscopy is a good complement 
t o  the  measurements i n  the  v i s i b l e ,  having advantages where t h e  pyrometric techniques 
have disadvantages. It appears  t h a t  cont r ibu t ions  from soot and p a r t i c u l a t e s  can be 
separated by examining both t h e  emission and t ransmiss ion  s p e c t r a  and employing a 
knowledge of the s o o t ' s  c h a r a c t e r i s t i c  s igna ture  i n  the  IR. Under condi t ions of 
uniform temperatures ,  p a r t i c u l a t e  temperatures and soot  d e n s i t i e s  can be determined. 
The FT-IR technique has advantages a t  low temperatures. A t  t h e  temperatures  of 
i n t e r e s t  t h e  emit ted r a d i a t i o n  has  a maximum i n  t h e  I R ,  providing good s e n s i t i v i t y .  
Also, because the  measured spectrum covers the  whole i n f r a r e d  range, t h e  o p t i c a l  
p roper t ies  of t h e  coal ,  char and soot  (which vary i n  t h e  inf ra red)  can be measured and 
used t o  d i s t i n g u i s h  the  na ture  of the  p a r t i c u l a t e s  and t h e  magnitude of r e f l e c t e d  
radiat ion.  F ina l ly ,  t h e  technique can determine temperature  f o r  clouds of p a r t i c l e s  
by comparing both the  ampli tude and shape of the emission and t ransmission spectra .  

This paper d iscusses  t h e  appl ica t ion  of the  technique and pre l iminary  r e s u l t s  i n  a 
s tudy of coa l  and ace ty lene  pyrolysis .  

' 
', 

The d iscuss ion  of t h i s  problem wi th  

To 
/ reso lve  t h i s  issue.  i t  i s  e s s e n t i a l  t o  measure p a r t i c l e  temperatures  i n  a pyrolyzing 

Several  (two o r  more) co lor  pyrometry systems have been 

, Tichenor e t  al. (3). The a b i l i t y  to measure temperatures  of ind iv idua l  p a r t i c l e s  is 

They employ 

, 
I 

1 
! 

ExPKuR53NTAL 

The emission of i n f r a r e d  l i g h t  from, and t ransmiss ion  through, dispersed p a r t i c l e s  
involves  the  processes of emission and absorpt ion i n  t h e  p a r t i c l e ' s  i n t e r i o r ,  and 
r e f l e c t i o n ,  d i f f r a c t i o n  and r e f r a c t i o n  a t  i t s  surfaces. The inf ra red  energy i n  t h e s e  
measurements can o r i g i n a t e  i n  t h e  spectrometer ,  i n  t h e  p a r t i c l e s  o r  from t h e  hot 
experimental  apparatus. 
temperature, coa l  composition and morphology on the  spec t ra ,  t h e  s t u d i e s  descr ibed 
below have been c a r r i e d  out  i n  a number of geometries. 

Heasurements In A Hot Cavity 

Emission and t ransmission s p e c t r a  were recorded i n  an en t ra ined  f low reac tor  (EFR) i n  
which coal  p a r t i c l e s  a r e  fed  i n t o  t h e  furnace from a water  cooled in jec tor .  
geometry the  coa l  "sees" hot  furnace wal l s  with the  except ion of t h e  i n j e c t o r  and t h e  
KBr windows t h a t  provide en t rance  and e x i t  f o r  t h e  I R  beam. 
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Transmission s p e c t r a  a r e  recorded i n  t h e  normal manner, a s  the r a t i o  of t ransmission 
with and without  t h e  sample i n  the beam. I n  t h i s  experiment, t h e  r a d i a t i o n  from the 
spectrometer  is ampli tude modulated, so rad ia t ion  o r i g i n a t i n g  from w i t h i n  the furnace 
is not detected.  I n  the  sample a rea ,  t h e  beam geometry is i d e n t i c a l  f o r  the  emission 
and t ransmiss ion  experiments. 
wavelength dependent. The o v e r a l l  de tec t ion  e f f i c i e n c y  is measured by recording the 
spectrum from a c a v i t y  r a d i a t o r  of known temperature. 
provide a pa th  c o r r e c t i o n  a t  each wavenumber, and aa a re ference  f o r  t h e  ca lcu la t ion  
of the  shape and ampli tude of black-body r a d i a t o r s  of o ther  temperatures. 
reported emission s p e c t r a  a r e  a l s o  corrected f o r  background. 

An example of an emission spectrum f o r  l i g n i t e  i n  t h e  furnace is presented i n  Fig. 
la. 
t ransmiss ion  measurement was made, a s  shown in Fig. l b  which presents  
(1-transmission). Except f o r  the  gas  l i n e s ,  these  spec t ra  show a monotonic var ia t ion  
with wavenumber i n  a manner which can be accounted f o r  by d i f f r a c t i o n  theory (2). 
Since we want t o  compare emission from p a r t i c l e s  which f i l l  only a f r a c t i o n  of the 
viewing a r e a  w i t h  t h a t  from t h e  cavi ty  which f i l l s  100% of the  viewing area,  w e  have 
computed a "normalized emission", Fig. IC, i n  which t h e  emission is divided by (1- 
transmission). The d e t a i l e d  s igni f icance  of t h i s  "normalized emission" w i l l  be 
considered l a t e r .  For the  present  we w i l l  d i scuss  t h i s  func t ion  f o r  the  case i n  
which t h e  c o a l  p a r t i c l e s  a r e  of such s i z e  and tex ture  tha t  each one e f f e c t i v e l y  
blocks 100% of the  r a d i a t i o n  incident  on it. I n  addi t ion ,  v e  work i n  a d i l u t e  
p a r t i c l e  regime, so t h a t  less than 20% of t h e  t o t a l  kcam is blocked. The p a r t i c l e s  
can be considered t o  a c t  a s  ind iv idua l  sca t te re rs .  I n  t h i s  case (1-transmission) is 
a measure of the  pro jec ted  a r e a  of the  coa l  p a r t i c l e s ,  and represents  the  f r a c t i o n  of 
t h e  beam blocked by t h e  sample. 
area a s  a f r a c t i o n  of  the  beam area. I f  w e  d iv ide  an emission spectrum by t h e  
corresponding (1-transmission) we obta in  the  spectrum t h a t  would appear i f  t h e  sample 
completely f i l l e d  t h e  entrance aperture .  We c a l l  these "normalized emission" 
spectra. The normalized spec t ra  from a sample of black-body p a r t i c l e s  a t  temperature 
T would agree i n  shape and ampli tude with t h e  black-body spectrum corresponding to  
temperature T and generated from t h e  information i n  t h e  reference source spectrum. 
A s i m i l a r  set of emission,  t ransmission and "normalized emission" spec t ra  is 
presented f o r  soot  (Fig. 2). For s u f f i c i e n t l y  small soot  p a r t i c l e s  t h e  normalized 
spectrum can  be r igorous ly  equated t o  a black-body curve a t  the soot temperature. 
An appropr ia te  t h e o r e t i c a l  black-body curve is a l s o  presented i n  Figs. IC and 2c. 
Indeed, the "normalized emission" is q u i t e  c l o s e  t o  t h e  t h e o r e t i c a l  black-body in 
both shape and amplitude. 

An example of normalized emission da ta ,  obtained f o r  a l i g n i t e  in jec ted  a t  
severa l  p o s i t i o n s  above t h e  o p t i c a l  port  in the  EFR, is presented in Fig. 3. The 
data  i l l u s t r a t e  some of the  p o t e n t i a l  b e n e f i t s  as  w e l l  a s  t h e  caut ion  required i n  the 
in te rpre ta t ion .  
t h e o r e t i c a l  black-body curve a t  the window height  w a l l  temperature. 
presents  d a t a  f o r  c o a l  i n j e c t e d  j u s t  above the  port. 
cold.  But t h e r e  is obviously r a d i a t i o n  emerging from the o p t i c a l  por t  which was not 
there  in t h e  absence of t h e  coal. This  must be s c a t t e r e d  radiat ion.  A s  the  c o a l ' s  
res idence time increases  between i n j e c t i o n  and observat ion,  the spectrum ge ts  c loser  
t o  the  spectrum f o r  t h e  wall. A t  36 cm the  c o a l ' s  absorp t ion  spectrum is gone, and 
the  spectrum ampli tude and temperature  is higher  than t h a t  of the  wall. I n  t h i s  case 
the  coa l  is cool ing  a f t e r  having been heated t o  a higher  temperature i n  t h e  upper 
par t  of the furnace. This  measurement without  any f u r t h e r  information can be used to  
determine t h e  d i s t a n c e  required f o r  t h e  coa l  t o  reach the  reac tor  temperature. 

For later purposes w e  have a l s o  reported t h e  normalized emission from K C 1  p a r t i c l e s  in 
t h e  EFR (Fig.4). 

Ueasurements In A Boor Temperature Cavity 

To a l low separa t ion  of cont r ibu t ions  from emission and s c a t t e r i n g ,  a second geometry 
was used employing a tube furnace. 

In  t h e  emission experiment t h e  de tec t ion  s e n s i t i v i t y  is 

The cavi ty  serves  both t o  

The 

For t h e  condi t ions  a t  which each emission spectrum was recorded a corresponding 

It a l s o  represents  t h e  projected e m i t t i n g  sur face  

The f i g u r e  shows t h e  normalized emission s p e c t r a  compared t o  a 
Figure 3a 

The coa l  a t  t h i s  pos i t ion  is 

In t h i s  experiment, the  p a r t i c l e s  have been 250 



heated i n  a high temperature tube pr ior  t o  t h e i r  coming i n t o  view of the I R  beam. 
The turbulen t  environment of the tube convect ively h e a t s  t h e  coa l  p a r t i c l e s  very 
quickly (>lo5 Klsec). The only hot sur face  seen by. the  coa l  when i t  is in view is  
t h e  overhead tube. Since t h e  FT-IR spectrometer  t r a n s m i t s  only r a d i a t i o n  which has  
its e l e c t r i c  vector  i n  the  v e r t i c a l  plane, r a d i a t i o n  from t h e  tube s c a t t e r e d  by one 
s c a t t e r i n g  event cannot be detected,  in c o n t r a s t  t o  the  case f o r  the  EFR experiment 
in which there  is s u b s t a n t i a l  s c a t t e r i n g  of w a l l  radiat ions.  

Figure 5 presents  "normalized emission" s p e c t r a  taken a t  t h e  e x i t  of the  tube  reac tor  
a f t e r  s u f f i c i e n t  res idence t ime t o  br ing t h e  coa l  up t o  the tube temperature. Each 
spectrum is compared with a black-body curve a t  t h e  measured gas temperature  a t  the  
pos i t ion  of the  o p t i c a l  focus. A t  temperatures  below 650 K, (Fig. 5a and b). only 
t h e  region below 1700 wavenumbers has s u f f i c i e n t  emiss iv i ty  (absorp t iv i ty)  t o  emit  
much radiat ion.  
ca lcu la ted  from t h e  da ta  of Fig. 5 together  with t h e  e x t i n c t i o n  coef f ic ien t .  
c a l c u l a t e d d y  from the  da ta  of Fig. 5d and used i t  t o  compute the f r a c t i o n  of  
r a d i a t i o n  from a 1800 K environment t h a t  is absorbed by the  coal. The r e s u l t s  
i n d i c a t e  an equivalent  grey-body emiss iv i ty  of 0.2. 
is, therefore ,  a poor emitter of r a d i a t i o n  and consequently, is a poor absorber  of 
radiation. 
grey-body w i t h  < = 0.7 t o  1.0. 
of t h e  coa l .  

A s  d iscussed l a t e r ,  the  e m i s s i v i t y , c v ,  of the coa l  can be 
We have 

R a w  coal of p u l v e r i z e d  coal size  

It absorbs much less r a d i a t i v e  energy than  is usua l ly  computed assuming a ' This f a c t  is important i n  computing t h e  hea t ing  r a t e  

, A t  temperatures of 750 K and 825 K the  hydroxyl and a l i p h a t i c  regions of t h e  coa l  
begin t o  e m i t  (Figs. 5c and d). A t  925 K, char  condensation reac t ions  a r e  s t a r t i n g  
t o  produce a broad band emission a s  the  char  behaves more "graphitic"; t h i s  t rend 
cont inues u n t i l ,  a t  1200 K, the  char is a grey-body with an emiss iv i ty  between .7 
and .8, s i m i l a r  t o  t h a t  of graphite. 

Transmission And Ref lec t ion  Measurements 

Transmission measurements of coa l  i n  KBr p e l l e t s  of coa l  f i l m s  were recorded in a 
t y p i c a l  sample holder  geometry f o r  t h i s  experiment. The absorbances of t w o  coa l  
f i l m s  of the  same nominal thickness  were measured. 
uniform f i l m  of 1,Um p a r t i c l e s  pressed i n t o  a KBr f l a t .  
f o r  a f i l m  pressed a t  moderate pressure from a s t a r t i n g  mater ia l  of nominal 30 

f i l m  appeared comparable t o  t h a t  of an unpressed sample of the same coal. These 
s p e c t r a  display t h e  e f f e c t  of morphology. 
p a r t i c l e s  has  res idua l  sur face  inhomogeneities of the  order  of t h e  o r i g i n a l  p a r t i c l e  
s i z e  and can be expected t o  s t rongly  s c a t t e r  wavelengths in t h i s  region, wi th  t h e  
s c a  t e r i n g  f a l l i n g  off as ( ' 4 4 )  towards longer  wavelengths. 
cm-' t h i s  40,Um th ick  f i l m  is moderately t ransparent .  Ext inc t ion  a t  longer 
wavelengths is due pr imar i ly  t o  absorpt ion,  while  a t  s h o r t e r  wavelengths there  is 
increased e x t i n c t i o n  due t o  s c a t t e r i n g  a s  w e l l  as absorption. 
thickness ,  but made of pressed 3 0 p m  diameter  p a r t i c l e s ,  (Fig. 6b) e x t i n c t i o n  over 
t h e  long wavelength end of t h e  spectrum is dramat ica l ly  increased, showing 
q u a l i t a t i v e l y  the dominance of sca t te r ing .  
have inhomogeneities more of t h e  sca le  of t h e  f i l m  of Fig. 6b than t h a t  of Fig. 6a: 
s c a t t e r i n g  plays a s igaLf icant  p a r t  in t h e  i n t e r a c t i o n  of  the particles w i t h  
rad ia t ion .  

The specular  r e f l e c t i o n  of coa l  was measured a t  an angle  of incidence of 45" 
(Fig. 6 ~ ) .  This spectrum can be accounted f o r  by s tandard theory using o p t i c a l  
cons tan ts  which l i e  wi th in  the  range of published values  (5 ) .  
s m a l l ,  (between 6 and 10%) and w i l l  be important  only f o r  rays  which near ly  graze t h e  
sur face .  

Figure 6a shows the  spectrum of a 
The spectrum of Fig. 6b  is 

diameter  par t ic les .  Under a n  o p t i c a l  microscope the  sur face  roughness of t h i  k"" l a t t e r  

The f i l m  made of ground ( l ,&m) d iameter  

I n  t h e  region of 1800 

For a f i l m  of  similar 

The coa l  p a r t i c l e s  in our  experiments 

The r e f l e c t i o n  is 

DISCUSSION 

251 me sca t te r ing ,  absorption, t ransmission and emission of e lectromagnet ic  r a d i a t i o n  
from p a r t i c l e s  depend both on mater ia l  p roper t ies  i n  t h e  form of t h e  o p t i c a l  



constants. and on morphology, which can be represented by t h e  s c a l e s  of inhomogeneity 
r e l a t i v e  t o  wavelength. The i n t e r a c t i o n  of p a r t i c l e s  with t h e  r a d i a t i o n  f i e l d  is 
character ized by e f f i c i e n c y  f a c t o r s ,  Q, which a r e  t h e  e f f e c t i v e  c r o s s  sec t ions  f o r  
sca t te r ing  o r  absorp t ion  divided by the geometric c ross  sec t ion  of t h e  par t ic les .  

Qext Qs + Qabs (1) 

where the s u b s c r i p t s  stand f o r  ex t inc t ion ,  s c a t t e r i n g  and absorpt ion,  respec t ive ly  
(6). 
S imi la r ly ,  t h e  o ther  Q', a r e  s p e c i f i c  t o  our o p t i c a l  beam path. We w i l l  descr ibe a 
s i m p l e  model t h a t  semiquant i ta t ive ly  accounts f o r  many f e a t u r e s  of t h e  observed 
normalized emission spectra. The f i r s t  fea ture  of t h e  model is due t o  the geometry 
of the  experiment i n  the  EFR In t h i s  geometry, r a d i a t i o n  from t h e  t ransmission beam 
can s c a t t e r  i n t o  almost  a 360' s o l i d  angle of the  furnace, while  conversely, 
rad ia t ion  from t h i s  a lmost  360' s o l i d  angle  can s c a t t e r  i n t o  the  emisson beam. The 
beam-defining a p e r t u r e  i s  j u s t  smal le r  than t h e  furnace w a l l  opening. F o r  p a r t i c l e s  
w i t h i n  t h e  focus volume. f o r  each inc ident  beam 1 s c a t t e r e d  i n t o  d i r e c t i o n  2, w e  can 
f ind  a beam 1' from the furnace wal l  t h a t  i s  s c a t t e r e d  through the  same angle in to  
t h e  o r i g i n a l  beam d i r e c t i o n  2 '  (Fig. 7). From t h i s  d i scuss ion  the  fol lowing 
s ta tement  can made about  the  r e l a t i v e  s c a t t e r i n g  i n  emission and t ransmission 
experiments. 
t ransmission experiment i n  t h i s  EFR, then 

Qs r e f e r s  t o  r a d i a t i o n  s c a t t e r e d  out  of t h e  acceptance angle  of the opt ics .  

I f  Qs is t h e  e f f i c i e n c y  f o r  s c a t t e r i n g  out  of t h e  beam path in a 

Qs - Q's ( 2 )  

where q ' ,  is the  e f f i c i e n c y  f o r  s c a t t e r i n g  wal l  r a d i a t i o n  i n t o  t h e  beam i n  an 
emission experiment, f o r  p a r t i c l e s  wi th in  the  focus volume. All t h e  Q ' s  a n d c ' s  tha t  
we subsequently d i s c u s s  a r e  wavenumber dependent but we have dropped the  subscript.)), 
f o r  convenience. 

I f  we observe the  p a r t i c l e  in an isothermal  environment, then with t h e  usual Kirchoff 
ana lys i s ,  the  r a d i a t i o n  en ter ing  the o p t i c a l  aper ture  of t h e  spectrometer  would be 

Q', . BB(T) + .BB(T) = BB(T) ( 3 )  

when t h e  t ransmission through t h e  p a r t i c l e  is zero and where 
i n t o  the spectrometer  acceptance angle, compared t o  t h e  black-body 
emiss iv i ty  of uni ty  and where BB(T) is t h e  black-body spectrum corresponding 
t o  temperature T. A s  usual, 

is t h e  p a r t i c l e  emissivi ty  

= Qabs 

where both parameters  r e f e r  t o  rad ia t ion  en ter ing  
cone def ined by t h e  spectrometer  aperture. 

With these  d e f i n i t i o n s  we descr ibe  t h e  normalized 

("observed emission") 
(1-transmission) 

( 4 )  

o r  leav ing  t h e  p a r t i c l e  i n  the  

emission r e s u l t s  a s  

Qab$ BB(Tp) + Qs.BB(Tw) 
Z I  

Qabs *s 

where BB(T ) and BB(T,) a r e  t h e  black-body emission curves appropr ia te  t o  t h e  
p a r t i c l e  a l d  EFR w a l l  temperatures ,  respec t ive ly ,  N and A a r e  t h e  numbers of P P 
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b 

p a r t i c l e s  i n  view, and t h e i r  average geometr ical  cross-sect ion,  respec t ive ly .  
Equation 5 can be appl ied to  explain the  r e s u l t s  of Figs. 1-5. 

Case 1) 
shape and amplitude t o  BB(Tw), a s  is observed (Fig. 4). 

Case 2) 
negl ig ib le  (7). I n  t h a t  case the normalized emission (eq. 5) is  given by 
C&S.BB(T ) / Q bs - BB(T ). This pred ic t s  t h a t  t h e  normalized emission from soot  

soot  temperature. This is indeed the  case (Fig. 2). F o r  KC1 and  s o o t ,  as w e l l  as 
dl subsequent cases. 

Case 3 )  Another occasion i n  which a p a r t i c u l a r l y  s imple  r e s u l t  comes from t h i s  
ana lys i s  is when the  p a r t i c l e  and w a l l  temperatures  a r e  the same. Equation 5 shows 
t h a t  the normalized emission w i l l  be a good black-body curve, t h i s  t i m e  corresponding 

I f  Qabs - 0, a s  f o r  KC1, t h e  normallzed emission should be equivalent  in 

For soot  p a r t i c l e s  of s u f f i c i e n t l y  smal l  dimensions. the  s c a t t e r i n g  is 

/; 

j 

be t q u a l  I n  amplitgde and shape t o  the  black-body curve corresponding t o  the  

there are no a d j u s t a b l e  parameters  i n  t h e  C O l p a r i S O M  w e  make. 

I to  t h e  w a l l  (and p a r t i c l e )  temperature (Fig. 1). 

The last cases  t o  be considered a r e  when non-black-body shape o r  amplitude is 
observed in the  normalized emission (Figs. 3 and 5). 

Case 4 )  
r a d i a t i o n  t o  be sca t te red  i n t o  the  spectrometer  i n  an emission measurement i n  t h a t  
s i t u a t i o n ,  t h e  normalized emission i s  

Taking t h e  case  of t h e  tube furnace f i r s t ,  and not ing t h a t  t h e r e  i s  no w a l l  

For coa l  p a r t i c l e s ,  t h e  v a r i a t i o n  of t h e  demoninator of eq. 5 with wavenumber i s  
similar t o  t h a t  of Fig. lb:  
be est imated from d i f f r a c t i o n  theory $25: 
Qext, and d iv id ing  by the  black-body curve corresponding t o  the  measured temperature ,  
gives  an experimental es t imate  of E ,  the  coa l  emissivi ty .  A s  expected from eq. 4, 
maxima i n  t h e  emission in the  tube furnace s p e c t r a  (Fig. 5) correspond to  maxima i n  t h e  
absorbance spectrum of- the  coa l  (Fig. 6). 

Case 5) 
come from both emission and sca t te r ing .  In t h i s  c a s e  one can s e l e c t  regions of t h e  
spectrum which still  permit  s impl i f ica t ion .  For regions where the c o a l  absorbs 
s t rongly  (eg. 
Such regions of the  spectrum can be used t o  determine the p a r t i c l e  temperature. 

QeXt = Q b + Qs has  a va lue  between 1 and 2 .  which can , Mult iplying t h e  normalized emission by 

The most d i f f i c u l t  case is f o r  p a r t i c l e s  i n  t h e  EPR where cont r ibu t ions  

1600 cm-'), Qabs approaches u n i t y  f o r  s u f f i c i e n t l y  l a r g e  p a r t i c l e s .  

1 
CONCLUSIOUS 

Normalized FT-IR emission spec t ra  appear t o  contain a considerable  amount of 
information about t h e  s o l i d  phases i n  pyrolyzing c o a l  and gas  systems. 
prel iminary work we have deduced s o l i d  phase temperatures f o r  a number of 
circumstances, demonstrated t h e  a b i l i t y  t o  d e t e c t  chemical change i n  high temperature  
reac t ions ,  and deduced a grey-body emiss iv i ty  f o r  coal. With improved evaluat ion of 
how t h e  emiss iv i ty  changes wi th  pyrolyis ,  t h e r e  a r e  good prospects  t h a t  the  
temperature determining c a p a b i l i t y  of the method can be extended. 
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Figure  1 .  a )  Emission, b) ( I - t r ansmiss ion )  , 
and c )  E/(]-%), Curves f o r  a L i g n i t e  (mesh 
s i r e  -300 +425) I n j e c t e d  i n t o  t h e  Furnace a t  
36 cm above t h e  Window. Furnace Wall 
Temperature a t  Window Height  is 1170 K. 
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Figure  2 .  a )  Emission. b) ( I - t r a n s m i s s i o n ) ,  
and c )  E / ( l - T . ) ,  Curves f o r  Soot  formed by 
Acetylene I n j e c t e d  i n t o  a Furnace a t  a 
Height of 66 cm above t h e  Window. Furnace 
Wall Temperature is 1250 K .  Curve c is a 
Q u a n t i t a t i v e  Black-body Curve Corresponding 
t o  a Temperature of 1350 K. 
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Black-body Curve Corresponding t o  a Temperature 
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ABSTRACT 

I n  an e f f o r t  t o  understand the  e f f e c t  of ox ida t ion  of coa l  on the composi- 
t i o n  of l i que fac t ion  products,  a sample of hvAb coa l  from the  Lower Ki t t ann ing  
Seam i n  Pennsylvania, l a b e l l e d  PSOC-1336, w a s  ox id ized  i n  the  presence of a i r  
i n  a convection oven a t  140% f o r  16 days and l i que f i ed  i n  tubing bomb r e a c t o r s  
i n  t h e  presence of t e t r a l i n .  The ox ida t ion  of c o a l  decreased the  l i q u e f a c t i o n  
conversion. The aromatic f r a c t i o n  of the  hexane-soluble o i l  from oxid ized  coa l  
contained smal le r  amounts of phenanthrenes and pyrenes and l a r g e r  amounts of 
t e t r a l i n - r e l a t e d  a r t i f a c t s  when compared to  t h a t  from the f r e s h  coal.  R e l a -  
t i v e l y  l a r g e r  amounts of the  hydroxy d e r i v a t i v e s  of indane, naphthalene,  f l uo -  
rene and phenanthrene were present  i n  t h e  polar  f r a c t i o n  from t h e  oxidized 
coa l .  

, I 

INTRODUCTION 

It is known t h a t  coa l s  d e t e r i o r a t e  on ox ida t ion  and the ex ten t  of d e t e r i -  
o r a t i o n  depends on the  s e v e r i t y  of ox ida t ion  condi t ions .  The e a r l i e s t  s tudy  on 
the  mechanism of oxida t ion  of coa l s  was r epor t ed  by Jones and Townend i n  1945 
(1). After a l a c k  of i n t e r e s t  f o r  more than two decades,  t he re  has been 
renewed i n t e r e s t  i n  s tudying  the  e f f e c t  of ox ida t ion  on t h e  phys ica l  and 
chemical c h a r a c t e r i s t i c s  of coa l s  (2,3).  New a n a l y t i c a l  techniques t o  d e t e c t  
ox ida t ion  (4 ,5)  and the mechanism and k i n e t i c s  of ox ida t ion  have been repor ted  
(6,7). Few s t u d i e s  e x i s t  on t h e  e f f e c t s  of p a r t i a l  ox ida t ion  on the  
l i q u e f a c t i o n  behavior of c o a l s  (8-10). 

EXPERIMENTAL 

The ob jec t ive  of t h i s  study is t o  understand the  e f f e c t s  of ox ida t ion  on 
the  l i q u e f a c t i o n  behavior of coa l s  and on the  composition of l i q u e f a c t i o n  pro- 
duc ts .  A sample of hvAb c o a l  from the  Lower Ki t tanning  seam i n  Pennsylvania 
(PSOC-1336) was oxidized by exposure to a i r  i n  a n  oven a t  14OOC f o r  16 days and 
then l i que f i ed  i n  tubing bomb r e a c t o r s  us ing  t e t r a l i n  as donor veh ic l e  under 
f a i r l y  mild condi t ions  (4OO0C, one hour,  no hydrogen gas ) .  The unoxidized coa l  1 was a l s o  l i que f i ed  under i d e n t i c a l  cond i t ions  f o r  comparison. 

Present  address:  Process  Sc iences  Div is ion ,  Department of Applied Science,  
Brookhaven Nat iona l  Laboratory,  Upton, New York 11973 
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RESULTS AND DISCUSSION 

The c h a r a c t e r i s t i c s  of the  coa l  a r e  given in Table 1 and the  bas i c  
l i q u e f a c t i o n  d a t a  a r e  shown in Table 2 .  The t o t a l  conversion i n t o  e t h y l  
ace t a t e - so lub le  products  p lus  gases  was s l i g h t l y  h igher  in the case  of t he  
unoxidized c o a l .  The h igher  conversion was r e f l e c t e d  in a higher y ie ld  of 
l i q u i d  products  whereas y i e l d  of gases a c t u a l l y  decreased. This shows t h a t  
ox ida t ion  is d e t r i m e n t a l  t o  c o a l  l i q u e f a c t i o n .  S imi la r  r e s u l t s  have been 
reported (9,lO).  

The hexane-soluble o i l  was vacuum d i s t i l l e d  a t  70°C (about 2 mm Hg 
pressure)  t o  remove naphthalene and excess  t e t r a l i n  a s  completely as poss ib le .  
A primary f r a c t i o n a t i o n  of the  o i l  i n t o  s a t u r a t e ,  aromatic and polar  f r a c t i o n s  
was made by HPLC (Waters Assoc ia tes )  u s ing  a semi-preparative micro-Bondapak 
NH2 column. Table 2 does not show apprec iab le  d i f f e r e n c e s  wi th  respec t  to  the  
y i e ld  of i n d i v i d u a l  f r a c t i o n s .  

A l l  f r a c t i o n s  were analyzed by capillary-GC/MS (Pinnigan 4000) us ing  a 30 
meter SE-54 coiumn t o  ob ta in  product composition da ta .  The a-alkane 
d i s t r i b u t i o n  in t h e  s a t u r a t e  f r a c t i o n  of t he  o i l  from unoxidized coal is 
compared wi th  t h a t  of t he  oxid ized  coa l  in Figure  1. The d i f f e rences  are minor 
with r e spec t  t o  t h e  modality of d i s t r i b u t i o n  a s  wel l  as the y i e l d  of ind iv idua l  
hydrocarbons. However, GC/MS c h a r a c t e r i z a t i o n  of t h e  aromatic f r a c t i o n s  
revealed impor tan t  d i f f e rences .  

F igure  2 shows the  gas  chromatograms of aromatic f r a c t i o n s  and the  peaks 
are i d e n t i f i e d  in Table 3. The aromatic f r a c t i o n s  contained var ious  dimeric 
a r t e f a c t s  (hydrogenated b inaphthyls )  formed from the  t e t r a l i n  donor vehic le  
dur ing  c o a l  l i q u e f a c t i o n .  P y r i t e s  and c l a y  minera ls  were found t o  
independently c a t a l y z e  these  r eac t ions  (11) .  Table 4 shows t h a t  t he  y ie ld  of 
s e l e c t e d  a r t i f a c t s ,  b inaphthyl ,  tetrahydro-,  and octahydro-binaphthyl,  were 
much h igher  when t h e  c o a l  was oxidized. 

It is known t h a t  exposure of c o a l s  t o  a i r  a t  temperatures below EOOC, 
l eads  t o  t h e  format ion  of peroxides (1). These uns t ab le  spec ies  may be 
t r a n s i e n t  intermediates a t  somewhat h igher  tempera tures ,  l ead ing  t o  the  
formation of v a r i o u s  oxygen func t ions ,  no tab ly  carbonyl.  Carbonyl is eas i ly  
reduced i f  a supply  of hydrogen is a v a i l a b l e ,  and so w i l l  tend to  promote both 
genera t ion  of f r e e  r a d i c a l s  from the so lven t  and increased  consumption of it. 
This,  perhaps,  is the  ch ief  f a c t o r  r e spons ib l e  f o r  t h e  production of dimers 
from the  s o l v e n t .  Add i t iona l ly ,  the oxida t ion  would have converted the  py r i t e  
present  in t h e  c o a l  (2.1% dmmf) t o  s u l f a t e s  and s u l f u r i c  ac id ,  which might have 
inf luenced  the  d imer i za t ion .  In any case ,  an enhancement in the production of 
a r t e f a c t s  could l i m i t  t h e  a v a i l a b i l i t y  of hydrogen from the  donor solvent 
which, in t u rn ,  can  a f f e c t  the  y i e l d  of smal le r  molecules t h a t  a r e  formed v i a  
hydrocracking and the re  a r e  obvious imp l i ca t ions  f o r  r ecyc le  so lvent  qua l i t y  
and consumption. 

Benzylic CH2 groups in diaryl-methanes and d ia ry l -e thanes  a re  l i k e l y  t o  be 
p a r t i c u l a r l y  s u s c e p t i b l e  f o r  ox ida t ion .  Once oxid ized ,  they can no longer 
c l eave  t o  methyl -subs t i tu ted  aromatic s t r u c t r u e s .  Thus, one might expect 
methyl s u b s t i t u t i o n  to  be reduced in t he  l i q u e f a c t i o n  products of an oxidized 
coa l .  The product  y i e l d  da t a  in Table 4 f o r  some s e l e c t e d  polynuclear aromatic 
hydrocarbons, l end  support  t o  t h i s  argument, though they cannot be said to 
prove i t .  
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The d i f f e rences  in composition of t h e  po la r  f r a c t i o n  are cons iderably  
, l a r g e r .  The oxidized c o a l  a f forded  a r i c h e r ,  more complex mixture of compounds 

and s t r u c t u r a l  types than the  unoxidized (F igure  3 and Table 5) .  A t  t he  lower end 
of t he  molecular weight range, t h e r e  are l a r g e  numbers of alkyl-hydroxy-benzenes 

The f r a c t i o n s  from both oxidized and unoxidized coa l s  showed 
a number of alkyl-hydroxy-naphthalenes, but in the  h igher  end of the  molecular 
weight range, hydroxy-fluorene and hydroxy-phenanthrenes were more abundant and 
r i c h e r  in t h e  po la r  f r a c t i o n s  from the  oxid ized  sample. 

, and alkyl-indanols.  

A comparison of t h e  FTIR s p e c t r a  of oxid ized  and unoxidized coa l s  showed the  
expected inc rease  due t o  carbonyl group abso rp t ion  (1690 c m - l ) ,  but a l s o  showed an 
inc rease  of singly-bonded oxygen ( e t h e r  o r  phenol ic ) .  Reduction of carbonyl  and 
cleavage of e t h e r s ,  as w e l l  as d i r e c t  i n s e r t i o n  of OH, could a l l  c o n t r i b u t e  t o  a 
more complex mixture of phenols i n  the  l i q u e f a c t i o n  product of an oxidized coa l .  

CONCLUSIONS 

The l abora to ry  low-temperature ox ida t ion  of a coking Pennyslvania coa l ,  
PSOC-1336, decreases  the  l i q u e f a c t i o n  conversion i n t o  e t h y l a c e t a t e  so lub le s  p lus  

, gases .  The r a t i o  of dimeric so lven t  a r t e f a c t s  to  coa l  products w a s  much g r e a t e r  
, i n  hexane-soluble o i l  from the  oxid ized  sample. An enhancement i n  the  y i e l d  of : so lven t  a r t e f a c t s  could i n d i r e c t l y  a f f e c t  the  y i e l d  of smal le r  molecules t h a t  a r e  

formed v i a  cracking. The l i q u e f a c t i o n  products of the  oxidized coa l  contained 
less methyl s u b s t i t u t i o n  but  l a r g e r  amounts of hydroxy d e r i v a t i v e s  of indane ,  
naphthalene,  f luorene  and phenanthrene. 
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1! UNOYIDIZED PSOC-1336 

FIGURE 1 .  TOTAL ION CHROMATOGRA!% OF SATURATED FRACTIONS 
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FIGURE 3 .  T O T A L  ION CHROMATOGRAM O F  P O L A R  F R A C T I O N S  
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TABLE 4 

Y i e l d s  of Selected Components i n  
the Aromatic Fract ion of PSOC-1336 

Unoxidized Oxidized 

Artefacts  (ug/gm o i l )  

B inaph thy1 7 3  290 

Tetrahydrobinaphthyl 103 336 

Oc tahydrobinaphthyl 211 348 

Total  a r t e f a c t s  387 973 

Coal-derived ( in  ug/gm dry coal)  

Phenanthrene 3.3 1.8 

C. -Phenanthrenes 11.3 5.6 

C -Phenanthrenes 18.1 8.8 

Pyrene 3.0 2.5 

C -Pyrenes 23.7 16.5 

2 

1 

C -Pyrenes 25.3 

C -Pyrenes 8.1 

2 

3 

Benzopyrene and 28.5 
its isomers 

TABLE 5 

20.4 

5.0 

26.8 

* 
Compounds iden t i f i ed  i n  the  Polar Fraction 

Phenol Naph tho 1 

M e t  hy lpheno 1 

C -Phenol 

C -Phenol 
2 

3 

Methylnaphthol 

C -Phenol 

C2-Naphthol 
5 

Indole Hydroxyf luorene 

C -Dibenzof uran Indanol 

Dihydroxybenzene Xanthene 
1 

C -Hydroxyfluorene 

C -Hydroxyfluorene 
C4-Phenol 1 

2 Indenol 

M e  thy l indanol  Hydroxyphenanthrene 

Methylindole 

C -1ndanols 

Phenylfuran 
2 

Diisobutylphthalate 
(impurity) 

* From Oxidized Coal 
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